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Abstract

Jet noise shielding benefits for CTOL engine-
over-the-wing configurations were obtained with
model-scale multitube and lobed mixer nozzles and
various shilelding surface geometries. Spectral
data were obtained with jet velocities from 585 to
1110 ft/sec. Correlatlon equations for predicting
jet noise shielding benefits with single conical
nozzle installations were modified to correlate the
mixer neozzle data. The modification included con-
sideration of the number of nozzle elements and the
peak axial velocity decay in the flow field adja-
cent to the shielding surface. The effect of for-
ward velocity on jet noise attenuation by a shield-
ing surface is discussed,

Introduction

In oxder to reduce jet noise to ground cb-
servers, future conventional takeoff and landing
(CTOL) aircraft are belng considered with engine
exhaust nozzles located over the wing (OTW). With
such a nozzle-wing configuration, the wing can
shield an cbserver on the ground from significant
amounts of jet noise. Jet-noise ghielding accom—
plished by a wing is similar to that observed aon
the ground by the erection of a barrier bhetween a
noise source and an observer. The main differences
between the two applicatlons of bharrier shielding
are the nature and generation mechanisms of the
noise sourcel and the close proximity of the noise
source to the shielding surface for alrcraft com-
pared with ground barrier application.

The acoustic shielding benefits derivable
from CTOL wing shielding of jet noise with unat-
tached flow appear te be functions of shielding
surface length, nozzle type, nozzle diameter, jet
velocity, jet relative velocity, and flap deflec-
tion. The effect of the englne location above the
wing and the Importance of shielding surface length
to the acoustlc characterlstics of CTOL-OTW config-
urations size has been reported in reference 1 for
single conical nozzles. (Other data on jet moise
shielding by a wing for the CTOL englue—over-the-
wing concept with single nozzlea are included in
refs. 2 to 4.) The jet noise shielding benefits
with a multitube mixer nozzle in a CTOL-OTW orien-
tation are described briefly in reference 5. These
data showed that greater jet noise shielding was
obtained using a mixer nozzle than with a single
conical nozzle for the same total equivalent diam-
eter. A possaible reason for this greater shielding
is the flow field differences between the mixed
flow of a multi-element nozzle and that for a
single nozzle of equal flow area, These flow field
differences cause an alteration of the noise
sources. This alteration is frequently most pro-
nounced in the vicinity of the shielding surface.

‘a5 a first approximation, the noise sources for
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multi-element nozzle flows are assumed, herein, to
be related to the peak axial velocity decay in the
flow field. The pertinent peak velocity is further
assumed to be that associated with the downstream
edge of the shielding surface.

In the present paper, the flow field and acous-
tic characteristics of multi-element nozzle CTOL-
OTW configurations are first discussed separately.
The data include that obtained with small-scale
6~ and 8-tube mixer nozzles (nominal equivalent
diameter from ll-tc 2%—in.) and an 8-lobe orifice-
t{pe mixer nozzle (nominal equivalent diameter,

Z-in.), In addition, data for a large-scale
7-lobe nozzle (nominal equivalent diametex of

15.75 in,} is alsco includgd.6 The acoustic shield-
ing data for multi-element nozzle CYOL-OTW config-
urations are then correlated with that obtained
with single conical nozzle CTOL-OTW configurations.

Acoustic results are presented in terms of
gpectral data. The data were obtained over a range
of nominal jet exhaust velocities from 585 to
1110 ft/sec, depending on the specific nozzle-wing
configuration.

Apparatug and Procedure

Facilities

Aerodynamic. For the small-scale models, jet
velocity decay measurements were obtained using the
statlc test stand and associated equipment de-
scribed in reference 7. VFor the large-scale model,
jet velocity decay measurements were obtained at
the acoustlc test stand as described in refer-
ence 6. Nozzle pressure ratios from 1.15 to 2.1
were used. The total tempersture of the jet flow
was a nominal 520° R.

Acoustic. All the acoustic data herein were
obtained using cold-flew (ambient temperature)
rigs. The emall-scale model data were obtained
using the acoustic arenas described in refer-.
ences 1, 5, and 8, The effect of variations in the
nozzle-to-shielding surface geometry on the acous-
tic attenuation were obtained using the courtyard
rig described in reference 1. The acoustic data
for the large-scale model were cbtained using the
rig described in reference 6.

The acoustic data herein are presented ik terms
of sound pressure level spectra In decibels refer~
enced to 2x10~5 N/m2. WNo corrections are made to
the acoustic data for ground reflections. Further
details regarding acoustic measurement techniques
and procedures are given in references 1 to 8.

Configurations

The multi-element nozzles used in the present
study consisted of: a 6-tube mixer nozzle,5 an
8-twbe mixer nozzle,> an 8-lobed orifice nozzle, 8
and a 7-lobed mixer nozzle, Sketches of these



nozzles are shown in figures 1 (multitube nozzles)
and 2 (lobed nozzles) together with pertinent di-
mensions.

Two typea of surfaces were used to shield the
jet noise in the present study: (1) alrfoils and
(2) simple flat boards. (In ref. 1, it was shown
that airfoils and simple boards yield the same
amount of jet noise shlelding) The airfoils used
are also shown in fipures 1 and 2 and are described
in the appropriate reference for each nozzle. In
addition, simple boards (3/8-in. thick plywood) of
24—inch span and various chordwise lengths were
used with the multitube nozzles in order to deter-
mine the effect of shilelding surface geometry om
jet noise attenuation. The variocus nozzle-
shielding surface configurations tested are sum-
marized in figure 3.

Rackground

Flow Field Comnsiderations

The peak velocity decay for a multi-element
nozzle is a function of the mixing characteristics
of the jet flow with the ambient (static) or ex~
ternal {(forward velocity) flow conditions.? Flow
flelds andfor peak axial velocity decay plots for
the present mizer nozzles without the presence of a
ghielding surface are shown In figures 4 to 7. The
fiow fields are plotted in terms of constant Mach
number lines as a function of radial distance and
axlal distance measured from and along the nozzle
exhaust centerline, respectively. The peak axial
velocity decay, also shown in these figures, 1s
plotted in terms of peak Mach number as a function
of axial distance measured from the nozzle sxhaust
plane. Further information regarding these plots
is given in references 6, 9, 10, and 11. Also
shown at the top portion of figures & to 7 is a
superimposed schematic sketch of the shielding
surface to help relate the shielding surface
lengths to the data plots for the specific config-
uration uwsed. Tick marks on the data plots indi-
cate these shielding lengthe. For the 6-tube mixer
nozzle data shown in figure 4 the shortest shield-
ing surface, 5.9 inches, provides shielding of jet
noise for regions where the individual jet core
flows still can be identified. With the longer
surfaces the shielding of the jet noise includes
regions where the jets are beginning to merge or
are actively coalescing into a single large diam—
eter jet. For the other configurations (B-tube and
lobed nozzles) the shortest shielding surface gen-
erally shields scme of the jet flow wmixing regionm
as well as the core flow region,

Typical radial profiles of velocity on the
tube centerline plane of the 6-tube mixer nozzle
are ghown in figure 8. At 5.9 Inchea from the noz-
zle eghaust plane zero flow exists at the nozzle
centerline and the tubes are substantially acting
as individual nezzles. With Iincreasing axlal dis-
tance downstream, the regions along the nozzle
centerline begin to £ill in until near the end of
the longest shielding length used (21.4 in.) the
radial velocity profile approaches that for well
mixed turbulent flow, both radially and circumfer-
entially. Thus, with increasing shielding length
downstresm of the core flow repion, the board {sim-
ulating a wing) shields not only the core flow
nolse but also increasing amounts of the lnter-
action jet noise sources associated with the jet
mixing process. Similar trends exist for the data

with the 8-tube mixer nozzle. Both lobed mixer
nozzles were tested using shielding surface lengths
that covered a significant portion of the merged or
coalesced jet flow region. The effect of shielding
these various flow regiocns on jét noise attenuation
will be discussed later in terms of peak axial ve-
locity decay characteristics.

Jet Neilsge Reduction by Surface Shielding

For a CTOL~-OIW aircraft, the exhaust jet 1s
located relatively close to the wing surface and is
a distributed noise source. The noise obtained at
the various frequencles of gsuch an acoustic scurce
is therefore generated at different distances from
the gurface and at different locations relative to
the edge of the barrier (wing or flap trailing
edge). An gnalytical model of the jet noise-source
distribution, therefore, would have to include a
complex integration to sum up the contributions of
all the jet nolse sources with their local surface
shielding lengths.

The present approach employs empirical corre-
lations of existing data to arrive at a prediction
method for the shielding of jet moise by a wing-
flap system. The analysis leading to the data cor-
relation is given in terms of the 8PL difference
between nozzle-plus-shielding-surface and the
nozzle-only, SPL-SFLy, or ASPL.

A schewmatic plot of ASPL as a function of
frequency for a CTOL-OTW configuration is shown in
figure 9, Positive ASPL wvalues indicate that
jet-surface interaction nolse sources are dominant
over the nozzle-alone jet nolse while negative
ASPL  values indicate jet noise shielding by the
wing-flap system., Four basic noise regions, de-
noted by A, B, €, and D are indicated in figure 9.
Region A is characterized by noise amplification
cver that caused by nozzle-alone jet noise and is
attributed to jet-surface intervaction noise sources.
Region B ig a transition region into the shielding
regime that is a function of the interplay between
the regions of interaction nmoise sources and jet
noise shielding, When the interaction jet-surface
noise scurces are strong (larpe positive ASPL
values) the slope of this transition region is
steep; whereas when they are weak, the slope of
thie transition region is shallow and blends
rapldly into the jet noise shielding portion of the
curve shown. Region C typifies a "barrier” shield-
ing curve, The region C data are used herein to
correlate jet noise shielding ASPL valyes. Re-
glon D frequently shows a reduced jet nolse shield-
ing capability at high frequencles inconsisteat
with barrier shielding analyses. The exact reasons
for reduced jet noise shielding are not understood;
however, it is believed that the reduced attenua-
tion is primarily an aervacoustic interaction
(poesibly a surface-edge effect) associated with a
specific nozzle-wing configuration and reflects
the presence of a high frequency noise floor. For
jet noise shielding correlation purposes, only the
data in region C are directly applicable; the data
in region B, however, have been retained in the
plots in order ro indicate the magnitude of its
deviation from the correlation for regiom €. The
data in region D have been deleted in the corxrela-
tion plots in order to avold confusing the data
trends and correlatiom,



spplication of Single-Nozzle
Surface Shielding Results

Single Nozzle Correlation

The acoustic shielding provided by a surface
for the noise assoclared with jet flow from a
single conical nozzlet was correlated over the
same absolute scalar range of variables as those
included herein by the following flow and geometry
parameters!

fL
ASPL ~ — (£, (D I[E,(8)] = Z (1)
1w u
3
where
o [ 2
_ % 9l g0
(D) = 5 |1 + 450 ﬁf {2)
ao
1
£,(8) = (3

P 4
1+ 0.033 (m)

{All symbols are defined in Nomenclature.) The
correlation equation in reference 1 for nozzle-—
alrfoil configuration having zero flap deflection
is given by

ASPL = 10 log{l + 0.6(2)] (%)

With the flaps deflected, the correlation is given
in reference 1 by

ASEL = 10 logfl + 1.4¢z)7-85) )

It should be noted that the acoustic shielding
penefits for unattached flow over a surface, such
as conlcal nozzle CTOL-OTW configurations, were
substantially 1ndependint of nozzle helght above
the shielding surface,

Also, it was established in reference 1 that
for single conical nozzles the effect on jet
poise attenuation of whether a simple board or am
alrfoil was used as the shielding surface was in-
significant. Tests were alsa made herein with the
6- and B-tube mixer nozzles using both a board and
an airfoil and indicated similar results to those
in referepce 1,

Evaluation of Mixer Nozzles

It is reasonable to expect that when the
shielding surface extends only over the jet core
reglon asseociated with the individual tube or lobe
elements of a wixer nozzle, the jet noise shield-
ing can be estimated directly from correlations of
acoustic data obtained with a single nozzle of
sgimllar size and shape to that of the wmixer nozzle
elements. In figure 10(a) the ASPL obtained
- with the 6-tube mixer nozzle is plotted as a func-
tion of frequency for a shielding surface length
of 5.9 inches. The let core length for a single
. tube of this mixer nozzle is about 4.7 inches
{X/D ~ 5). Calculations of the jet spreading
. angle, indicate that the flows from adjacent jets

-_ begin to merge between 4.7 and & inches downstream

" of the exhaust plane. Also shown in the figure

are curvee for reglion C representing the calculated
ASPL  values (eq. (4)) for the diameter of an ele-
ment nozzle, Dy, of 0.93 inch and for the equiva-
lent total nozzle diameter, D,, of 2.28 inches,
Good agreement between the measured and calculated
values of ASPL is apparent when the element noz—
zle diameter, Dy, is used in the ASPL prediction
equation for region C.

When the shielding surface length is suffi-
clent to lnclude the coalescing or mixed jet flow
reglon which has a large effective diameter, it is,
perhaps, reascnable to expect that the ASPL
values for a.mixer nozzle could be estimated on the
basis of the equivalent nozzle diameter, D,. The
measured ASPFL obtalned with the 6-tube mixer noz-
zle is plotted as a function of frequency for a
shielding length of 21.4 inches in figure 10(b).
Thia shielding length includes much of the coalesc-—
ing jet flow region as shown in figure 4. Also
shown in the figure are curves representing calcu-
lated ASPL values based on D, and D, respec-
tively. It 1s apparent that neither calculated
curve represents the measured data in region C, al-
though the curve based on Dy 1s closer to the
data.

From the data in figure 10 it would be con-
cluded that the use of Dy in calculating ASPL
by use of equation (4) for a mixer nozzle is more
correct that the use of D,. However, if a signif-’
icant change in scale is considered, such as be-
tween the 7- and B~lobed mixer nozzle configura-
tions, a different conclusion emerges. The shield-
ing surfaces cover signiflcant portions of the mixed

" flow region for both configurations (see figs. 6

and 7)., The ASPL for the small-scale 8-lobed
orifice mixer nozzle (see also appendix A) and the
large—scale 7-lobed mixer nozzle configurations are
showm in figure 1l as a function of the Z-parameter
based on D, (fig. 11(a)) and D, {fig., 11(b)). It
is apparent that the use of D, in the Z-parameter
cotrelates the difference in scale whereas the use
of Dy fails.

The data, so far, have shown that when sub-
stantially only the unmixed core flow of a mixer
nozzle is shlelded by a surface, the term £1{D) is
based on D.., For such a case, the single nozzle
correlation (eq. (4) for zero flap deflection and
eq. (5) for flaps deflected) can be used to predict
the ASPL for mixer nozzles. However, for cages
in which the mixed jet flow is shielded by a sur-

‘face, £f3(D) 18 better expressed by using Dys

based on scaling criteria. However, the ASPL is
not predicted from the alngle nozzle correlation
glven by equations (4) or (5) in either case.

Correlation of Mixer Nozzle-Wing
Nolse Shielding Results

Development of Correlation

The data obtained with the multitube mixer
nozzles (see fig. 10) indicated increased jet nolse
shielding benefits with longer surface lengths even
though the Z-parameter already includes a shielding
surface length term that correlated the lenpgth ef-
fect for single conical nozzles. This addicioenal
effect on jet noise shielding by increases in
shielding surface length is shown in figure 12 in
which the ASPL 1is plotted as a function of the
product of frequency and length for the 6-tube
mixer nozzle configuratioms. It is apparent that



a systematic variation with surface shielding
length occcurs when the mixed flow region is
shielded, resulting in larger 4SPL values being
obtained swith increasing surface ghielding lengths.
Similar results were obtained with the 8-tube mixer
nazzle configurations.

In order to evaluate the relation of shielding
length to the flow field in the region between the
jet core flow and the coalescing of mixed flow re-
gion, the preceding acoustic data obtalned with the
6-tube mixer ncozzle were used to establish corre-
lation relationships.

The data shown in figure 12 suggest that the
noise source alterations associated with the mixed
flow region of mixer nozzles influences the jet
nolse attenuation afforded by a shielding surface.
With an increased amount of the mixed flow field
being shielded by increased lengths of shilelding
surface, better acoustic attenuation is provided
over a wide range of frequencies. It 1s postulated
that it is possible to characterize the nolse
source alterations assoclated with the flow from
mixer nozzles by the peak velocity decay in the
flow field. Thus, the value of £1{D) is £y(Dy)
when only the jet core flow ia shielded and for
mixed flow approaches f£1(Dg) with inereasing
shielding surface length. It is also postulated
that the mumber of elements of the mixer nozzle
contributed to an increase in ASPL. On the basis
of the present limited data avallable with mixer-
nozzle/wing configurations the following modifica-
tions to correlation equations (1) and (2) were de-
veloped in order to provide gross ASPL predic-
tions for CTOL-OTW configurations uwsing mixer
nozzles.

A new parameter, n', which includes the peak
velocity decay characteristics in the flow field
and glves consideration to the number of nozzle
elements, n, has been empirically evolved on the
basis of the present data, as follows:

n -~ 1

. 3
1+ °°1(‘1‘11 - 1)

The U-term in eguation (6) 1s the peak axial veloc-
ity at the location of the trailing edge of the
shielding surface. For the present work, the
values of U were obtalned from the Mach nymber
curves glven in figurea &4 to 7 at the tick-mark
locations for the varilous shielding surface lengths
noted in the figure.

n' =1+

(6)

The n'-parameter 1s used to modify the £, (D)
term (eq. (2)) yielding a new term fl(De)’ where

2 \2
' ao g x“
fl(De) = EB;ET 1 + 4.5x10 32 &)
[+

The Z—par§meter (ed. (1)) ie modified to include
the f1(Dg) terms as follows:

-6
A T XOUNITROY (8

Consequently, equation (4} can now be generalized

for single conical and mixer nozzles of the type
studied by the followlng relationship:

ASPL = 10 logl[l + 0.6(Z'n")1 (9)
and equation (5) by

0.85] 10)

"ASPL = 10 log(l + 1.4(Z'n")
Use of the n'-parameter does not altér the correla-
tion of the single conical nozzle data of refar-
ence 1,

The n'-parameter utilizes the jet veloeity, U,
as a baseline velocity term in equation (6). How-
ever, 1t is felt that a better baseline veloclty
term would be to use the local peak jet velocity
when the core jet from one element begins to merge
with adjacent core jets. The data used for the
present study preclude such an evaluation because
the merging polnt of adjacent jets did not vary suf-
ficiently for the present ncozzle configurations,
Tatdil such data are avallable, the use of U; as
the baseline veloeity for the n'-parameter 15 rec-
ommended for practical mixer nozzle designs.

Comparison of Measured and Calculated
Shielding Data

The measuted ASPL data are compared with cal-
culated values {solid curves) for the four mixer
nozzleg used herein in figures 13 to 16. Generally
good agreement of the shielding benefits has been
achieved with both the board and alrfoil surfaces.
Because the 6G-tube mixer nozzle was used to estab-
lish the n'-parameter, the best agreement exists
for this nozzle (fig, 13). With the 8-tube mixer
nozzle configuration (fig. 14}, the data points fall
slightly below the predicted values based on equa-
tion (9), generally sbout 1 4B in the region for
which the correlation was developed; namely, re-
gion C in figure 9.

The §-lobe orifice nozzle data tend to be
somewhat higher than the calculated values based on
equation (10) as shown in figure 15, Although the
8~lobe orlfice mixer nozzle data appear to indicate
a pomewhat higher slope in the variation of ASPL
with the Z'n"-parameter than the multitube data, it
is believed that this apparent difference was caused
by the flow and scoustic characteristics of the
particular orifice-type nozzle ysed in the tests,

The data for the large-scale 7-lobe nozzle
conflguration was about 1 4B below the calculated
values as shown In figure 16. This small differ-
enteé may be dus, Iin part, to loss in attenuation
caused by the 5° angle of the airfoil to the jet
flew as discussed in appendix B and shown in fig-
ure 2(b}.

Effect of Forward Velocity

The data and correlations discussed so far
apply to static conditioms, The effect of jet rel-
ative velocity on the nolse attenuation of CTOL-OTW
configurations with mixer nozzles, as determined by
experiments in a free jet, 18 discussed in refer-
enceg 1 and 3. 1In general, the spectra given in
references 1 and 5 show that with a constant jer
velocity the acoustlc attenuation due to the effect
of the jet relative veloclty is grossly related to
the 6-~power of the jet relative velocity or



(U5 - Up)®. This relationship holds for both the
Spectra and OASPL over a wide range of directivity
angles, 8, for CTOL-OTW configurations using mixer
Nozzles.

In view of the preceding discussion, the fol-
lowing approximate general relation is taken to
hold in the flyover plane for the decrease in OASPL
ir 4B due to jet relative velocity effects obtained
in a free jet:

u, )
- — (11)
Y3

The empirical parameter k{8) is, at the very
least, a function of the directivity angle and
amount of noise generated by the interaction of the
Jet flow with the shielding surface, or added
noise. For CTOL-OTW configurations, k{8) is taken
as 60 based on the previously discussed b-power for
the jet velative velocity effects on the SPL spec~
tra. Thus, equation (11) can be expressed as:

BOASPLp, = k(8 105'(

U
0
AOASPLp = 60 log ( - q) (123

in dB. Equation (11) applies grossly for direc-
tivity angles from 40° to 140°,

In order to obtain preliminary estimates of
aircraft motion on the nozzle-wing noise, however,
the effect of relative motion of the nolse source
with respect to the cbserver must be added to the
relative velocity effect measured in a free jet,
Because the jet relative velocity effect is given
by the 6-power, it is assumed that a gquadrupole
spurce 1s the dominant source affected by forward
velocity. As a rough approximation, the convective
or Dappler amplification for a gquadrupole source
can be expressed in dB by

_ - {u .
A0ASPLy = ~60 log[l - (;‘l) cos e] (13)
[s]

and where the Doppler effect on frequency 1s ex~
pressed by

(14)

cos 9

o
]
=
|
e Ioc “h

The two effects of aircraft motiom on OASPL can be
combined into a single expression to represent the
net effect on the nozzle-wing noise. Thus, frem
equations (12} and (13), the OASPL in dB for a
CTOL-OTIW configuration is given by

- _ N
OASPLFV = OASPLB 1 log[l (ao) cos G:|

u
+ 60 103[1 - ﬁﬂ] (15)
j

In the forward quadrant, the Doppler amplifi-
cation effect temds to cancel out some of the for-
ward velocity effect., The reverse effect occurs in
the rearward quadrant where the convective amplifi-

cation effect increases the noise attenuation in
forward flight,

Examples of the expected effect of aircraft
motion on the nozzle-wing noise level hased on
egquatlon (15) are shown in figure 17, The examples
are for jet velocities of 800 and 1600 ft/sec.,and
a forward velocity of 150 ft/sec. The calculated
values are shown in terms of AQASPL referenced
to static ground OASPL values as a function of
directivity -angle, 8. Refraction effects on the
noige level and directivity are neglected in the
example.

With an 800 ft/sec jet wvelocity (fig. 17(a))},
the convective amplification (Doppler) effect would
increase the OASPL value obtained in a free jet by
about 2.B dB at 6 = 40°, and decrease rhe OASPL
value by a like amount at 8 = 140°. At 90° the
effect of the convective amplification term is
zero, With an increase in jet veloclty and a con-—
stant forward speed, the convective amplification
effect in the forward quadrant (0° te 90°) can more
than cancel out the attenuation due to relative ve-
locity measured in a free jet or wind tummel, 4n
example illustrating this case 1s shown in fig-
ure 17(b). Here, with a jet velocity, U;, of
1600 ft/sec and a forward velocity, U, of 150 ft/
sec, the OASPL at a & of 409 is greater by 0.3 dB
with forward velocity than that measured stati-
cally. At the same time, the attenuation in the
rearward quadrant (90? to 180°) is increased by the
convective amplification term over that obtalned
by the relative velocity effect only,

The preceding illustrative calculations of
convective or Doppler amplification effects are
considered only indicative of the expected trends
and require more research in order to verify the
magnitudes of these effects during actual aircraft
flight.

Concluding Remarks

The use of mixer nozzles in a CTOL-OTW instal-
lation can result in greater jet noise shielding by
the wing-flap system than that obtained with a
gingle conical nozzle of equal thrust., When the
wing—flap system covers only the unmerged flow re-
glon from the individual elements of a mixer noz-
zle, the jet noise shielding benefits, in terms of
ASPL, can be predicted from the single conical noz-
zle correlation equations of reference 1. In these
correlation equations, the diameter term is that of
an element nozzle of the mixer nozzle. However,
when the wing-flap systém includés coverage of the
mixed flow region of a mixer nozzle, an sdditional
parameter consisting of the number of elements com-
prising the mixer nozzle and the jet veloeity at
the end of the shielding surface must be included.
The latter parameter also includes consideration of
the peak axial velocity decsy for the mixer nozzle.

Appendix A

Acoustic Data for CTOL-QTW Configuration
Using B-Lobed Orifice Mixer Nozzle

As part of the acoustic program reported in
reference 8, SPL data (unpublished) were alsoc ob-
tained with the 8-lobe orifice nozzle without using
8 deflector to attach the flow te the airfoll sur-
face, These unpublished data are representative



of a CTOL-OTW configuration with unattached flow
and are shown in figure 1B for a directivity angle
of 100°. The data are presented in terms of ASPL
as a functiopn of frequency normalized for various
jet velocities, £/U4, and for total flap deflection
angles of 209 and 6%0. The data for a let velocity
of 744 ft/sec are used in the present paper as an
example for comparison with an emplrical correla-
tion equation for predicting the shielding benefits
when a lobed mixer nozzle is used.

Appendix B

Effect of Shielding Surface Angularity
on Jet Noise Shielding

The large-scale, 7-lobe mixer nozzle data
(fig. 11) was obtained originally as part of the
zngine under-the-wing externally blown flap study
reported in reference 6. For that study the nozzle
was canted 5° toward the airfoil chordline and the
lata reported were for the region under the wing.
Microphones, however, were alsoc placed above the
wing and these constitute the large-scale medel
acoustic data source for the present OTW report.
Thus, for the OTW orientation, the airfoil was
angled 5° into the jet flew. In order to determine
the effect of nozzle-airfoil angularity on the
acoustic shielding, data were obtained using a
2,1l4-inch diameter nozzle with a board acting as
the shielding surface. Acoustic data obtalned with
this nozzle and with the board angled away from the
jet axls (up te 15°) were reported previously in
reference 1. For the present work, the board
(L = 10.4 in.) was angled 5° and 10° into the jet
flow. The nozzle was located 1.75 inches mbove the
board surface. The results of these board angles
on the jet noise shlelding are shown in figure 19
for a jet velocity of 672 ft/sec. At a 59 board
angle into the jet flow, the ASFL's attained were
substantially the same values as at a 0% board
angle. Only the initiatien of shielding benefits
was affected by the 5° angularity. This latter re-
sult was obtained because the low frequency noise
was increased and extended to higher frequencies
compared with thar at the 0° board angle. At the
10° board angle, the ASPL were substantially re-
duced at all frequencies at which jet noise shield-
ing occurred. On the basls of these results, it is
concluded that the ASPL wvalues measured for the
present 7-lcbed mixer nozzle-airfoil comfiguration
could only have been slightly affected by the 5°
angularity of the airfoil relative to the nozzle
jet flow.

The correlation of the jet noise shielding
benefits for CTOL-0TW configurations with multil-
element mixer nozzles is based on a limited range
of 6 to 8 nozzle elements, Further work using
nozzles with fewer and greater numbers of nozzle
elements and with varfous spacings between the ele~
ments should be conducted in order to determine the
validity of the correlation presented herein over a
wide range of mixer nozzle geometries.

Nomenclature
a ~ ambient speed of scund
D nozzle diameter

D, equivalent total nozzle diameter

D; effective nozzle diamater
D equivalent element nozzle dlameter
f 1/3 octave band spectrum frequency

fl,fz functional notation

g constant, 32,2 ft!sec2

h nozzle {(or nozzle element) height abowe
surface at exhaust plane

k{8 empifical parameter characterizing direc-
tivity angle and interaction noise
effects

L shielding surface length downstream of noz-

zle exhaust plane

Lf shielding surface length upstream of nozzle
exhaust plane

M local jet Mach number

Mj jet Mach number at nozzle exhaust plane

Mp peak local jet Mach number

n number of elements in mixer nozzle

n' source alteration parameter

OASFL overall sound pressure level, dBE,
re .2><10-'5 N/m?

SPL sound pressure level of nozzle-surface con-
figuration, dB, re 2¢10™> ¥/m?

ASPL SPL - SPLy, dB

SPLN sound presigre lgvel of nozzle only, dB,
re 2x10 ° N/m

U peak local axial velocity

Uj jet velocity at nozzle exhaust plane

U, forward velocity

X axial distance downstream of nozzle ex-
haust plane

z,z2! jet noise shielding correlation parameters

o surface deflection angle

] directivity angle measured from inlet

Subscripts:

D Doppler

Fv forward velocity

RV relative veloelity

8 angular location notatlon for forward ve-

locity equations
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Figure 4. - Flow field and peak axial velocity decay char-
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Lj, 26in.; data from ref. 9,

Gl -



RADIAL DISTANCE
MEASURED FROM

-PEAK AXIAL
MACH NO. |

{ TICK MARKS INDICATE
SHIELDING SURFACE
=X LENGTHS USED iN

. PRESENT WORK
2
<y |
© LOCAL | TICK MARK INDICATES
. 4= MACH NO, "~ JET BOUNDARY SHIELDING SURFACE
= 4 " ! H LENGTH USED
=
£z =3
o= AN
= NN
~N \\
S y
=
(a) FLOW FIELD. 2
_
.8 ZZ a
q 5= :
&2 2~ . 600 FLAPS~, - 207 FLAPS
. [« . 1Y
o __1 _ L S i
= A 0 5 10 15 20
7 AXIAL DISTANCE MEASURED FROM NOZZLE EXHAUST
' - - © PLANE, X, IN. ,
' 0 ; l ‘ 13' _ 1'5 Figure 6. - Peak axial velocity decay characteristics for 8-lobed
: : orifice mixer nozzle only extrapolated from ref, 10. M, 0.6;
AXIAL DISTANCE MEASURED FROM NOZZLE Ly, 2.7 n. y extrapolated from

EXHAUST PLANE, X, IN.
{b] PEAK AXIAL VELOCITY DECAY.

Figure 5. - Flow field and peak axial velocity decay
characteristics for 8-tube mixer nozzle only.
Mj, 0.64; Ly, 2.6in,; data from ref. 9.



‘-—»x o
| TICK MARK INDICATES

— SHIELDING SURFACE
7 = b LENGTH USED
-
50
_L‘(J...- — T LT T e e
Ly
B

PEAK AXIAL MACH NO. ,
Mp

! | I JI I.

0 20 40 60 80 100
AXIAL DISTANCE MEASURED FROM NOZZLE EXHAUST
PLANE, X, IN.

Figure 7. - Peak axial velocity decay characteristics for 7-lobed mixer
nozzle only. Mj, 0.62; Ly, 7in.; datataken from ref. 6.

FIsh ol d

RADIAL DISTANCE MEASURED FROM NOZZLE

CENTERLINE, IN.

0

S AXIAL DISTANCE
’ ‘ DOWNSTREAM OF

NOZZLE EXHAUST
) . PLANE,
ik N
[\ o 5.9
L\ a 10.4

2L.4

/ﬂ |

[ 1) 1
2 4 6

LOCAL JET MACH NUMBER, M-

Figure 8, - Radial profiles of velocity
for several axial locations down-
stream of 6-tube mixer nozzle.

Mj, 0.62; tube centerline plane.



E-8168

EQ. 44)
BASED ON

-10 — B

C——f
REGION C—-f -
-5 — ﬂeg’o

E OF DATA (a) SHIELDING SURFACE LENGTH, L, 5.9 IN.
' ~ DEPENDING 2710,

4 ) LARGE é ON MODEL - - -0
A - ' MODELS~ SCALE =
NS o 8 ‘ - = = REGION C———
g = <" NOISE x T e
SE P SHIELDING _ 2 s | N
S = VA ‘ ' ' ‘ ' 0.©
e B / . .
=
8 S | -0
= I A/f > NOISE AMPLIFICATION ‘ -

FREQUENCY mmpm - ' ' -5

Figufe 9, - Schematic ré_presentation of change in sound pressure level of jet noise due to-
a shielding surface, ‘

| l [ | -
2 5 10 - 20
FREQUENCY, kHz

(b) SHIELDING SURFACE LENGTH, L, 214N,

Figure 10, - Comparison of measured ASPL
for 6-tube mixer nozzle with calculated

 ASPL for single conical nozzle. let
velocity, 665 ft/ sec; directivity angle, 90°.




ASPL, dB

UD, Dy FT NOZZLE 6, DEG uj, FTISEC U/,
125 05 7-LOBE 90 610 476
125 .5 7-LOBE 90 938 4,76
16.1 .0775 8-LOBE 100 6.3
_20_.

. ' o ©
-15H e REGION CT |
| I R
10 o o
10 23° o
)
ap < °
-5}~ 8 o ©
o D
Lo
o © “be——REGION C—=1 .
o_ o3 ° L 1]
2 5 1 2 5 10 20
fiL
Z "’(‘LTJ)fl(Dx)fz(e)
(@) Z-PARAMETER BASED ON D,
_20.—
~—— REGION € ——=
o o
-15[—
0% o
¢ ?
-10-—
O © ©
®
o
~5— o ©8
00 ®
© (o}
oL %a® | | 1 | |
2 51 ? 5 10 2
fL
Z~(G~j)f1(ne)f2t8)

(b} Z-PARAMETER BASED ON D,

Figure 11. - Correlation of ASPL in terms of Z-parameter
from ref, 1 for lobed mixer nozzles.

Er
131
L3

0.198

89138-4 -



E-gl68

ASPL, dB

ASPL, 4B

SHIELDING
SURFACE LENGTH,

/' INCREASING
"B LW 7 , SHIELDING
° - 59 0/( o} senerTs it
. gg o8 INCREASING
. [a] b
-1 a2 9.0 m&' P SHIELD LENGTH
h 10.4 ;{(& N
o 2.4 _4 :
“ Q:D l:I/'/e\\ '
5 s 289 o7 Soataumi
o7 AT e’ . CURVES
_ |
ol—"edl | . 4 | L
5 12 5. 1 50x103

FREQUENCY x SHIELD LENGTH, ft, FT/SEC

Figure 12. - Effect of shield.length on jet noise shieiding benefits
with a 6- tube mixer nozzle. Jet velocity, 665 fifsec; directivity

angte, 90°,
o BOARD
a  AIRFOIL
CALCULATED BY
EQ. (O
10 _REGION C
REGION C.
-5
[w]

Locl ; ] 1

5 1 2 5 1 2 5 10 20

" (@) SHIELDING SURFACE {b) SHIELDING SURFACE

“LENGTH, L, 5.9 IN. LENGTH, L, 8IN.

-15r R - REGION C-
-10-

-5+

oL 58 | l | | ' |

1 2 5 10 20 S50 2 5 10.20 50

. . Z!nl

(c} SHIELDING SURFACE  (d) SHIELDING SURFACE

LENGTH, .L, 10.4 iN,’ LENGTH, L, 2L41N,

Figure'13. - Comparison of measured jet naise shielding

- benefits with calculated values for various shielding
surface lengths. 6-Tube mixer nozzle Jet velocity,
665 ft/ sec; dlrectmty angle, 90°,



ASPL, dB

=151~
-10
"o BOARD
5k 5 AIRFOIL
- CALCULATED BY
o EQ. (9
N I D DU L]
(a) SHIELDING LENGTH, L, 5.9 IN.

-15— ‘ =— REGION C
.-10-—'

-5-—-—

o N - l L | |

(b) SHIELDING LENGTH, L, 8.1 IN.
=20
le— REGION C—-—|

_15_
_10_

_5’——

0 1 o l | N |

1 2 5 10 20 50 100

Z'n!
(c} SHIELDING LENGTH, L, 10.4 IN,
Figure 14. - Comparison of measured jet noise shietding
benefits with calculated values for varieus shielding

surface lengths, 8-Tube mixer nozzle; jet velocity,
656 ft/ sec; directivity angle, 90°.

3918~



E-E168

ASPL, dB

W=
‘ REGION C‘l
-15~
~10—
o
_5p= o©
o CALCULATED BY -
o) : EQ. (10}
oo | I I L]
2 5 0 2 50 100

{a) FLAP DEFLECTION ANGLE, 20% L, 13.3IN.

-20— )
pe——REGION C ———1
O
o]
-15_.
-10~—
-5
(X |
1 50

Z'n'
(b)-FLAP DEFLECTION ANGLE, 60% L, 116 IN,
Figure 15 - Comparison of measured and calcu-
lated jet noise shielding benefits using 8-lobed

mixer nozzle and two flap deflection angles.
Uj, 744 ftf sec; directivity angle, 100°,



ASPL, dB

CALCULATED BY

EQ. {9}
-5 . REGION G
-]_B...._
s

Q

0 1 ° | | i
1 ? 5 10 20 50

Zlnl

Figure 16. - Comparison of measured and calcu-

lated jet noise shielding benefits using 7-lobed
mixer nozzie, Uj, 670 ft) sec; directivity
angle, 90°% L, 75 in.

AOQASPL, dB

8918-1

o~ STATIC OASPL REFERENCE LEVEL

,~FORWARD VELOCITY EFFECT
~ -~ /’ (RELATIVE VELOCITY AND
— \\CONVECTIVE AMPLIFICATION)

____;_'I’____;_h_-_-_-\\—.-\:.—_——..____-_._ ——
CATTENUATION DUE S

TO JET RELATIVE A ~

VELOCITY (FREE JET) S~

lj_llJ__Llj

e "

| S I_J |

{a) JET YELOCITY, 800 FT/ SEC.

1 | I |

T~ 7STATIC QASPL REFERENGE LEVEL

™/~ ATTENUATION DUE TO JET
| 7S BELATIVE VELOCITY (FREE JET)

' ~
"~ FORWARD VELOCITY EFFECT ™
{RELATIVE VELOCITY AND 2NN

6= CONVECTIVE AMPLIFICATION e~

[ R B Y S B A T S SR B AR B A
1] 90 180
DIRECTIVITY ANGLE, 8, DEG

(b} JET VELOCITY, 1600 FT/ SEC.

Figure 17. - lNtustration of expected effect of forward
velocity on OASPL of CTOL-OTW configuration.
Uo 150 ftf sec; a,, 1120 #t! sec.

gt



SIMaT-¥SYN

ASPL, dB

-20
-15

-10

E-8168

— Uj, FI/SEC
o
o 85 a
— a ?44 O Oﬁ
o 915 4 4g O :
o .
S ’ - 5}
L o8 ? g \ _
3 e e
28 R | et
(a) FLAP DEFLECTION ANGLE, 20°. ‘ DEG
, i o 0
B 0= Q 5
. -0 ' © 10
.8 v
a _ _5_ 8
| 0. af
8. R o o © o
} oot L& ol o $° |
oo %Eﬁ 3 ' 1 2 5 10 20
o %upﬁg ‘ FREQUENCY, kHz
) [A [ | , | Figure 19. - Effect of jet-to-surface angte on shielding.
2 A 5 5 T % ) Nozzle diam, 2 14-in,; surface length, L, 10.4-in. ;
1 h, L.25-in.; jet velocity, 672 ftf sec; directivity
fluj, FT angle, 8, 90°.

(b} FLAP DEFLECTION ANGLE, 60°.

Figure 18. - Normalization of A.SPL{ for 3-lobed
orifice nozzle with wing for various jet veloci-

ties. Flaps deflected; directivity angle, 8, 1009,



